Introduction
Rheumatoid arthritis (RA) is a chronic systemic illness characterized by inflammation and hyperplasia of the synovial membrane of affected joints (1) (2) (3) . Infiltration of the syno-vium by B lymphocytes and plasma cells is a hallmark of the disease and often contributes to joint destruction (4, 5) . Antibodies are heterodimeric proteins composed of two immunoglobulin heavy (H) chains and two light (L) chains, each of which has a variable (V) domain for antigen recognition. In order to recognize the virtually limitless number of antigens in the environment, multiple mechanisms to generate antibody diversity have evolved. In humans, these include the use of many differ-ent gene segments to form antibodies (6) , differential pairing of different heavy and light chains, somatic hypermutation, and the insertion of non-germline-encoded (N) nucleotides at the sites of gene segment rearrangement (reviewed in refs. [7] [8] [9] .
Variable heavy-chain domains are encoded by variable (VH), diversity (DH), and joining (JH) gene segments, which undergo sequential somatic rearrangements to become juxtaposed in the genomic DNA of the B cell (8) . After heavy chain rearrangement, the kappa locus undergoes rearrangements of V and J gene segments to generate light chain variable domains. If kappa light chain rearrangement fails on both alleles, lambda light chain V-J rearrangements occur. In humans, about 40% of expressed antibodies contain lambda light chains (9) . VH and VL gene segments encode three framework regions (FRI, FR2, and FR3), which are separated by two highly variable domains, termed complementarity determining regions (CDRs). The regions of the VH_ DH-JH and VL-JL joins define the heavy and light chain CDR3 intervals, respectively, which are at the center of the antigen-binding site (10) and are usually directly involved in antigen binding.
Non-germline-encoded (N) nucleotides are added at the DH-JH and VH->DH junctions of immunoglobulin heavy chains by the enzyme deoxynucleotidyl transferase (TdT). Until recently, expression of TdT was thought to be restricted to the pro-B-cell stage of B-cell development, when most heavy-chain rearrangement occurs (1 1) . However, we and others have shown that N-region addition can occur in VK-JK joins of B cells of normal individuals (12) (13) (14) (15) (16) and patients with RA (17, 18) . As was the case with kappa light chains until recently, N-region addition is not thought to occur in V-J joins of lambda light chains (19) , but this issue has not been formally addressed. Sequencing of the human lambda locus (20, 21) has made such analysis feasible by allowing assignment of V and J gene segment progenitors.
Although N-region addition can occur in kappa light chains, the length of the CDR3 intervals is highly regulated in humans, with >95% of sequenced kappa chain CDR3s from normal peripheral B cells having either 9 or 10 amino acids (10) . We have shown that in some RA patients, the kappa light repertoire is enriched for unusually long CDR3 intervals (16, 22) . This finding may be due to differences in regulation of gene rearrangement, for example, prolonged expression of TdT, or to antigenic selection of B lymphocytes expressing unusual antibodies.
The goals of the present study were to determine the degree of N-region addition and CDR3-length heterogeneity in lambda light chains expressed in RA patients and normal controls. We focused on expression of the largest VA family, VAIII (21) , which is frequently used in autoantibodies from patients with RA (23) (24) (25) (26) . To avoid potential bias in the results by selecting for antibodies that express a particular reactivity, we used a reverse transcription-polymerase chain reaction (RT-PCR) approach on unsorted cells from synovial tissue and peripheral blood lymphocytes (PBL) of two patients with RA and PBL of three normal controls. VK-JK joins expressed in these same samples have been extensively characterized, which allowed comparison of findings in the kappa and lambda repertoires.
We report analysis of a total of 194 VA sequences-161 cDNA sequences and 33 unrearranged genomic DNA sequences (derived from 6 germline VAIII gene segments). Extensive N-region addition was found in the VA-JA joins of both RA patients and normal controls. Surprisingly, two of three normal individuals exhibited more N-region addition in lambda light chains than in kappa light chains. The lambda repertoires of the RA patients were enriched for unusually long CDR3 intervals, similar to the pattern previously reported for their kappa repertoires. The CDR3 lengths of lambda light chains in both RA and normal individuals were affected by both N-region addition and by the length of the VA gene segment utilized in the rearrangement. The enrichment for uncommon CDR3 structures and evidence of oligoclonal B cell expansion in RA provides further support for the hypothesis that changes in the repertoire reflect selection by an unknown antigen or sets of antigens.
Materials and Methods
Patient Characteristics and Isolation of Synovial Cells and Peripheral Blood Mononuclear Cells Clinical characterization of the RA patients (BC and AS) and normal controls used in this study and the methods used to process the synovial tissue and peripheral blood have been reported previously (16, 17) . Patients BC (62, WF) and AS (42, BF) , as well as normal controls LB (36, WM) , LK (23, WF) , and IT (62, WF) have been subjects of in-depth analysis of V gene segment utilization, N-region addition, and CDR3-length variability of the kappa light chain repertoire (16, 17, 27) . Synovial tissue and PBL were obtained from AS in close temporal proximity. In this study, PBL from patient BC were obtained several years after isolation of synovial tissue because the supply of RNA from PBL obtained at the time of surgery had been exhausted.
Generation of cDNA and PCR Amplification of VAcontaining Transcripts Total RNA was isolated from each sample using the guanidinium isothiocyanate technique (28) or using Tri-Reagent (Molecular Research Center, Inc., Cincinnati, OH). Oligo d(T)-primed first-strand cDNA was generated from total RNA as previously described (16) .
PCR amplifications were performed on 2-Al aliquots of first-strand cDNA, using Taq DNA polymerase as previously described (16) . PCR conditions were as follows: 30 cycles of denaturation at 94°C for 1 min, annealing at 50°C for 2 min, extension at 720C for 4 min, with a final extension at 720C for 10 min. A low annealing temperature was used to decrease the likelihood that mutated sequences would be missed.
The VAIII family contains three subfamilies defined serologically and by sequence analysis (21, (29) (30) (31) . Thus, three separate PCR amplifications were performed on each tissue sample to enrich for sequences containing VAIHa-, VAIIIb-, and VAIIIc-derived gene segments. The three sense primers used were derived from germline leader sequences and were each used in conjunction with an antisense consensus CA primer, Leader sequences used were LB-75 (VAIIIa), (VAIIIb) , and LB-77 (VAIIIc) (Fig. 1) . To control for possible contamination, mock PCR reaction mixtures lacking template or containing products of the first-strand cDNA reaction without reverse transcriptase were prepared. None of the controls contained amplified product as assessed by ethidium-stained agarose gel electrophoresis or Southern blot analysis using a 32p_ labeled internal CA oligonucleotide, ( Fig. 1) .
Isolation of Genomic DNA from non-B Cells and Amplification of Germline VA Gene Segments In an attempt to allow definitive assignment of cDNA sequences to germline progenitor gene segments, we sequenced unrearranged VAIII gene segments from genomic DNA of T lymphocytes from two individuals (RA patient BC and normal control LB). PBL were obtained by standard Ficoll-Hypaque gradient centrifugation (32) . T lymphocytes were isolated from PBL by sheep red blood cell (SRBC) rosetting (33) . Briefly, 1 ml of 25% 2-aminoethylisothiouronium bromide (AET)-SRBC was added per 108 PBL. The PBLs were resuspended in -10 ml 5% fetal calf serum (FCS)/108 PBL.
The PBL-SRBC solution was distributed evenly into sterile round-bottom 1 5-ml tubes and centrifuged for 5 min. The tubes were placed on ice for 30 min, then the pellets were resuspended in ice cold 5% FCS. Aliquots of 40 X 106 cells were pipetted onto Ficoll-Hypaque and centrifuged at 1800 rpm at 40C for 30 min. The interface, which contained the B lymphocytes, was removed. The T cells in the pellet were then washed three times and genomic DNA was extracted, purified by phenol extraction, and precipitated in ethanol using standard techniques (34) .
PCR amplifications were performed on 2-,ul aliquots of genomic DNA. PCR conditions were as follows: preheat to 940C for 2 min, followed by 35 cycles of denaturation at 940C for 30 sec, annealing at 500C for 30 sec, extension at 720C for 1 min, with a final extension at 720C for 7 min. Two separate PCR amplifications were performed on each genomic DNA, one to amplify VAIIIa and VAIIIc gene segments (using upstream primer LB-123 and downstream primer LB -125), and one to amplify VAIIIb gene segments (using upstream primer LB-124 and downstream primer LB-125) (Fig. 1) . Primer LB-123 was derived from the intronic sequences of the VAIIIa gene segments IGLV3S2 (35) and humlv318 (29) , and the VAIIIc gene segment III.1 (30) . Primer LB-124 was derived from intron sequences from the VAIIIb gene segments hsigglll 50 (26) and hsiggll295 (26) . Primer LB-125 was derived from the heptamer, 23 base pair spacer, and nonamer sequences of the recombination signal sequences (RSS) of the IGLV3S2, humlv318, and III.1 gene segments (Fig. IC) . PCR Genrline gene segments in Table 1A were reported as follows: 1v1042 (42) , DPL6 (43), 3S2 (35), lv318 (29) , 2-14, 2-19, 4-2, and 5-4 (21), hsigglllS0 (20, 26) , 3a, 3p, 5a, Scl, and 5c2 (20) , m.1 (20, 30) , 8A1 (44) , lv801 (45) , and 6S1 (46 (38) . They are inserted adjacent to the corresponding coding sequences at the junction of rearranged gene segments and are thought to be a consequence of the resolution of hairpin structures that occur during V(D)J recombination (39) . In this study, nucleotide mismatches at the 3'-end of the VA gene segment or the 5'-end of the JA gene segment that did not appear to be palindromic to the V or J were assumed to represent N-region addition rather than somatic mutation. In order to allow valid comparisons between lambda and kappa chains expressed in the same samples, sequences of previously reported VK-JK joins (16) (20, 21) . Two gene segments that are not part of the major locus, so-called orphon sequences, have been reported on chromosome 8q1 1.2 (41) . Allelic polymorphism of the human lambda locus appears to be limited (20) . As mentioned above, the VAIII family is the largest VA family, composed of 10 functional members and 13 pseudogenes, which are subdivided into three subgroups (a, b, and c) (21, (29) (30) (31) .
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T GTG GTA ously been reported to be identical in nucleotide sequence (30, 50, 53) . In this study, a total of 158 clones contained identifiable JA gene segments (Table IC, Fig. 4) . Surprisingly, a variant JA3 gene segment (21) , (Genbank Accession Number D87023) was found in 41 cDNA clones (26%) and was expressed in all five individuals in this study. The definitive cleotides were present in 10-33% of VA transcripts and 18-36% of VK transcripts. There was no difference between proportions of VA clones with P nucleotides among RA tissues (10-33% of clones) and clones from normal PBL (16-32%) . N-region addition in VA clones was surprisingly common in normal PBL (range 26-43%) but was more prevalent among clones from RA synovia (43-50%) and RA PBL (40-45%) (Fig. 6) . In all RA samples, there was more N addition in VK transcripts than in VA transcripts. Surprisingly, in two of the three normal individuals studied, N regions were more common among VA transcripts than in VK transcripts. Among clones with N-region addition the average num- ber of nucleotides added ranged from 1.9 to 3.3 ( Table 3) . One of the AS synovial clones (ASSynL2 5) contained 25 nucleotides of junctional sequence, which may represent N-region addition or insertion of nucleotides through another mechanism (see Discussion). In both RA patients there was more N-region addition in VA transcripts from synovia than in those from PBL. Fig. 3 ) were not included.
CDR3 Lengths of Lambda Light
found in less than half of transcripts from each of the normal PBL samples (Fig. 7A) . I similar N-region addition, and identical CDR3 lengths. Several sets of sequences that may represent the products of oligoclonal B-cell expansion were found among clones from RA patient AS synovium and PBL. Clones ASSynL182 and 189 are very mutated (92.3% and 92.3% homology to germline IGLV3S2) and have multiple shared differences (Fig. 8A) . Both clones use the JA2 gene segment and have the same CDR3 length. The VA gene segments from clones ASSynL211, 209, and 184 are derived from hsiglllS0 (96.6%, 91.6%, and 89.7% homology, respectively) (Fig. 8B) . These three clones have identical VA-JA joins and CDR3 lengths. Importantly, clones ASSynL211 and 209 have a shared somatic mutation at codon 104 in the JA3 gene segment. Because all the germline JA gene segments are presumably known, this shared mutation is strong evidence of clonal relatedness. AS-PBLL48 and 51 are also likely to be clonally related (Fig. 8C) . They are heavily mutated in the VA gene segment (90.8% and 91.2% homology to hsigglll50, respectively), have identical VA-JA joins, and use the same heavily mutated JAI gene segment. There are five nucleotide differences between ASPBLL48 and ASPBLL51, three of which lead to amino acid replacement. Patient BC also had evidence of clonal expansion in synovium and PBL. Clones BCSynL47 and 51 are heavily mutated and have shared differences at codons 28, 30, 77, and 93 (Fig. 8D) ; BCPBLL2 and 4 have shared changes at codons 50, 95A, and 96 (Fig. 8E) . Among the clones from normal PBL, only individual LK demonstrated convincing evidence of clonal expansion. Clones LKP-BLL76 and 72 are 96.2% and 95.0% homologous to hsigglll 50, use the same JA gene segment, and have identical VA-JA joins (Fig. 8F) . All but seven differences are shared between the two clones.
Levels of Somatic Hypermutation in RA Synovia and PBL and Normal PBL Transcripts Suggest the Subset of B Cells from Which They Are Derived VA gene segments expressed in RA synovia were, on average, slightly more mutated than those from RA PBL, which were in turn more mutated than those from normal controls (Fig. 5) 
....ll (Fig. 6) (16) , which suggests that TdT may be abnormally regulated in RA.
There are several potential explanations for the presence of non-germline-encoded nucleotides at the V-J junctions of lambda light chains. One possibility is that lambda light chain rearrangement occurs earlier than was previously thought, such as before heavy chain rearrangement or after heavy chain rearrangement but before kappa light chain rearrangement. Kubagawa et al. documented pro-B-cell lines that had undergone kappa rearrangements at one or both alleles but contained heavy chain loci without VH-DH-JH rearrangements (66) . Some of the kappa light chain rearrangements in these kappa-only cell lines do contain N regions (67) .
An alternative explanation for N-region addition in A chains is that the current theory of rearrangement order (heavy chain, then kappa light chain, then lambda light chain) is correct, but that TdT is expressed in B cells through the mature B cells stage. Support for this finding lies in the description of a small subpopulation of pre-B cells expressing both nuclear TdT and cytoplasmic ,u heavy chains (68) .
Allelic Variations in the Human Immunoglobulin
Lambda Locus In addition to providing another mechanism for antibody diversity, the presence of allelic variants in the human lambda locus has important implications regarding the analyses of somatic hypermutation and assessment of clonality. The amounts of somatic hypermutation in this study were calculated with the assumption that clones were derived from known VA gene segments. Each expressed VA gene segment was assigned a presumed progenitor gene segment based on highest degree of homology. Although the human VA locus has been sequenced by two groups of investigators (20, 21) (70) . Eight of nine insertions/deletions were present in the CDR1 or CDR2 domains. In our previous analysis of 18 immunoglobulin VH gene segments from RA synovium, we found one highly mutated VH4-containing transcript with a two-codon insertion in CDRI (71) .
In the present study, we found two lambda light chain clones with insertions or deletions that may be the result of somatic hypermutation in the GC reaction. ASSynL191 has a onecodon deletion in CDR1 and LKPBLL68 contains a one-codon insertion in CDRI (Fig. 2) In the present study, the 96 clones containing VA gene segments with 29 nucleotides in the germline CDR3 component had a mean CDR3 length of 10.9 codons, the 41 clones containing VA gene segments with germline CDR3 component of 24 nucleotides had a mean CDR3 length of 9.5 codons, and the 16 clones with VA gene segments containing 23 nucleotides had a mean CDR3 length of 9.4 codons (p < 0.0001, ANOVA) (Fig. 7B) . Thus, in contrast to the situation in the kappa repertoire, the germline VA gene segment used in the rearrangement has a strong influence on the length of the expressed cDNA CDR3 interval.
Enrichment for Unusually Long CDR3 Intervals in Both Lambda and Kappa Light Chains in RA Patients Compared with normal PBL, RA synovia and PBL had higher proportions of clones with long CDR3 intervals. This difference is explained in part by a higher proportion of VA gene segments with long CDR3 components among the RA clones. Gene segments IGLV3S2, 2-14, humlv318, hsigglllS0, 3p, 3a, humlvlO42, and DPL6, which contain 29 nucleotides in the germline CDR3 component were found in 64.8% of RA clones, versus 57.6% of normal controls. Another contributing factor to enrichment of longer CDR3 intervals in RA is a higher proportion of clones with N-region addition.
The enrichment of longer CDR3 intervals in both the kappa and lambda light chain repertoires of RA patients suggests either positive antigenic selection of unusual B cells or abnormal immunoglobulin gene rearrangement. These explanations are not mutually exclusive, and both may occur to some degree in RA patients. In the first scenario, lambda light chains expressing unusually long CDR3 intervals are generated in both normal individuals and RA patients. Subsequently, normal individuals show no preferential positive selection of B cells that by chance contain kappa or lambda light chains with unusual CDR3 intervals. In contrast, RA patients exhibit positive antigenic selection and clonal outgrowth of such B cells, possibly as a result of the chronic inflammatory response. Support for this hypothesis is the finding that alterations in the sequence at VK-JK joins can abrogate antigen binding of the antibody (72) .
In addition, there is substantial evidence that RA is an antigen-driven disease (17, 24, (73) (74) (75) (76) (77) . We have previously reported oligoclonal B-cell expansion in the immunoglobulin heavy chain (58, 78) and kappa light chain (27) repertoires of synovial tissue of RA patient BC, which suggests an antigen-driven B-cell response. Furthermore, the clonally expanded kappa light chain clone contained an unusually long CDR3 interval (27) (79) . Formation of a double-strand break at a RSS occurs during V(D)J recombination, with the cleavage reaction divided into two distinct steps: nicking and hairpin formation. A nick is introduced at the 5'-end of the signal sequence, followed by breakage of the other DNA strand, resulting in a hairpin structure at the coding end and a blunt signal end (79) . A DNA-binding protein complex containing Ku7O , Ku8O subunits, RAG-1, RAG-2, and DNA ligase performs V(D)J joining (80) .
Clone ASSynL25 is of particular interest with regard to possible dysregulation of immunoglobulin gene segment rearrangement in RA. The VA-JA join of this clone contains 25 nucleotides that do not appear to be encoded by the VAIII. 1 or JA2 sequence, resulting in a CDR3 interval of 16 amino acid codons (Fig. 3) . One possible explanation for this extremely long VA-JA join is N-region addition, but a more likely explanation for the presence of this 25 Among the mechanisms of avoiding production of autoreactive sequences are clonal deletion, clonal anergy, and receptor editing. Receptor editing involves changing an autoreactive variable region to a different (presumably nonautoreactive) variable region through a secondary rearrangement (81) (82) (83) . In order for this to occur, the V(D)J recombination machinery must be maintained or reactivated. RAG-1 and RAG-2 were initially thought to be expressed in B cells only during B-cell development in bone marrow. However, RAG-I and RAG-2 have recently been found to be expressed in germinal center (GC) B cells of mice, with evidence of secondary rearrangements and receptor editing (84) (85) (86) .
There is circumstantial evidence suggesting that RA synovia may act as a lymphoid organ. Nodular lymphocytic infiltrates that are histologically similar to normal GC have been found in the subsynovial layer of some patients with RA (87) (88) (89) (90) , Lyme disease (91) , and reactive arthritis (92) , and in inflamed liver tissue from patients with chronic hepatitis B and C (93) (94) (95) . We have documented the presence of clonally related immunoglobulin heavy and kappa light chain sequences in RA synovium, which suggests in situ antigenic selection (27, 58, 78) . Berek and colleagues have reported clonally related sequences from within GC-like structures in RA synovia (77) . The histologic similarities between RA synovia and normal lymphoid tissues containing GC, and the recent findings of RAG-1 and RAG-2 expression in a subset of normal GC B cells suggest that RAG-I and RAG-2 may be expressed in RA synovia. If so, secondary rearrangements may be possible in synovium of patients with long-standing RA.
In summary, these data demonstrate that in humans, N-region addition enhances antibody diversity at all stages of immunoglobulin gene rearrangement. The structural diversity of lambda light chain CDR3 intervals is greater than that of kappa light chains, largely due to variability in the lengths of germline VA gene segments. As in the kappa light chain repertoire, the lambda light chains of RA patients are enriched for sequences with long CDR3 intervals. Finally, the presence of clonally related sequences in RA synovia and PBL supports an antigen-driven B-cell response in RA. We speculate that RAG-1 and RAG-2 expression may occur in a subset of RA synovial B cells, leading to secondary immunoglobulin gene rearrangements, as has recently been reported in normal peripheral lymphoid organs. The presence of GC-like structures capable of generating a B-cell response within RA synovia raises the possibility that local antigens can propagate the chronic inflammatory response.
